Abstract: This paper describes the design and implementation of three-level power converters for wind-driven permanent-magnet synchronous generators with unbalanced loads. To increase voltage stress and reduce current harmonics in the electrical power generated by a wind generator, a three-phase, three-level rectifier is used. Because a synchronous rotating frame is used on the AC-input side, the use of a neutral-point-clamped controller is proposed to increase the power factor to unity and reduce current harmonics. Furthermore, a novel six-leg inverter is proposed for transferring energy from the DC voltage to a three-phase, four-wire AC source with a constant voltage and a constant frequency. The power converters also contain output transformers and filters for power buffering and filtering, respectively. All three output phase voltages are fed back to control the inverter output during load variations. A digital signal processor is used as the core control device for implementing a 1.5 kV, 75 kW drive system. Experimental data show that the power factor is successfully increased to unity and the total current harmonic distortion is 3.2% on the AC-input side. The entire system can attain an efficiency of 91%, and the voltage error between the upper and lower capacitors is approximately zero. Experimental results that confirm the high performance of the proposed system are presented.
Introduction
Wind energy is a type of clean and renewable energy, unlike fossil fuel energy. Wind is a nonpolluting and renewable source of energy that is referred to as "white coal in the sky", and it is expected to play a crucial role in providing a sustainable power supply without harming the environment [1] . Basically, wind turbine design concepts can be categorized into four types according to the method adopted in their design: types A, B, C, and D [1] [2] [3] [4] . A type A configuration involves a fixed-speed controlled wind turbine with a squirrel cage induction generator (SCIG) directly connected to the grid through a transformer. The SCIG always draws reactive power from the grid so this concept uses a capacitor bank for reactive power compensation. Type B involves a limited variable-speed controlled wind turbine with an opti-slip induction generator (OSIG) and pitch control. By varying the rotor resistance connected in series externally, the slip and output power are controlled to make the dynamic speed range 0%-10% above synchronous speed, typically. Both types A and B require starting equipment. Type C is a variable-speed controlled wind turbine with a doubly fed induction generator (DFIG) and pitch control. The stator is directly connected to the grid, while the rotor is connected through a power converter that is typically only 25%-30% of the generator rated power. The variable speed range is +/−30% around the synchronous speed. However, an induction generator is uneconomical because of its low efficiency and the requirement of auxiliary starting equipment [2] . Because of the apparent benefits of using permanent magnets for supplying flux in synchronous machines, such as the absence of excitation loss in the rotor, the use of permanent-magnet synchronous generators (PMSGs) for wind power generation has increased in recent years [5] [6] [7] . Type D is a full variable-speed, pitch-controlled wind turbine with the generator connected to the grid through a fullscale power converter that performs reactive power compensation and smooth grid connection over the entire speed range. The generator can be excited electrically using PMSG or SCIG that has full control of the speed range from 0% to 100% of the synchronous speed, but higher power loss in the power converter compared to type C. The proposed direct-drive, variable-speed wind energy conversion system (WECS) has the following salient features compared with SCIG and DFIG wind power systems.
(1) Elimination of the gearbox between wind turbine and generator reduces maintenance; (2) Mechanical speed of the generator is controlled to capture higher wind energy; (3) The configuration translates into significant optimization of size, volume, and form-factor; and (4) The power converter acts as a buffer between the grid and generator, and thus minimizes undesirable dynamic interactions between subsystems.
Generally, wind power generation is unsustainable and unstable in natural environments. Therefore, power converters are used in wind generators to provide a constant output. The high capacity of a wind turbine indicates that the corresponding generator and power converter must operate at higher voltage levels to achieve maximum efficiency and optimum size, volume, and form-factor [8] [9] . The output voltages of wind generators are excessively high for using insulated gate bipolar transistor (IGBT)-based converters. High-power PMSGs (75 kW) are characterized by low equivalent resistance and inductance, which makes it difficult to use a rectifier [10] [11] [12] [13] [14] . In practice, stand-alone operation of WECS requires constant electric quantities such as the amplitude, phase and frequency from the generator output. This necessitates the development of an electrical power converter to maintain the required electrical quality to be independent of the variations of wind speed and load. In recent years, several multilevel inverters have appeared in the literature [10] [11] [12] [13] . Multilevel technologies have advantages such as providing an improved output waveform with smaller filter size and lower electro-magnetic interference, etc. Among them, various multilevel switching techniques have been investigated and discussed with their respective characteristics [14] . However, regardless of the switching method chosen, the gate signals to control a particular inverter system must be derived. In general, neutral point clamped pulse-width modulation (PWM) three-phase inverter which uses four switching states in each arm has the three-level voltage waveforms. That results in considerable suppression of the harmonic currents comparing with the conventional full-bridge type PWM inverters [15] . A three-phase, three-leg inverter consisting of six IGBTs is used to convert a DC source to an AC source with a balanced output. The three-phase, three-leg inverter cannot be used for three-phase, four-wire, unbalanced loads because the zero-sequence current cannot be controlled [15, 16] . Moreover, the high switching frequency of IGBTs introduces voltage ripples in the output of the inverter. In this paper, a three-phase, six-leg inverter that can be used in a three-phase, four-wire AC source for providing a constant voltage, constant frequency output is proposed. Sinusoidal pulse width modulation (PWM) involving unipolar voltage switching is adopted to double the switching frequency.
The configuration of the proposed power converter ( Figure 1 ) consists of three parts: a wind generator, a power converter, and a controller. As mentioned, the power converter comprises a three-phase, three-level rectifier, two DC-link capacitors, a three-phase, six-leg inverter, and transformers. The proposed system can transform mechanical energy into electrical energy with high power quality. In addition, the resistors connected to the output of the inverter are loads. The controller includes voltage and current sensors and a digital signal processor (DSP, R5F5630EDDFP). An encoder counter, a 12-bit analog-todigital converter, and a PWM module are constructed in the control board of the DSP to reduce the hardware complexity and improve the reliability and maintainability of the system. Experimental results are presented to demonstrate the high performance of the proposed power converter system. 
Principles of Operation
The proposed three-level power converter for wind-driven PMSGs is depicted in Figure 1 . Let , , and represent the output voltages of the inverter. For simplicity, the reference frame transformation method was used for calculating reference currents and describing the control scheme.
Mathematical Model of PMSG
The equivalent circuit of a PMSG is shown in Figure 2 . The voltage equation can be written as [6, 8] = − + λ
where
Here, , , and denote the phase voltages of the generator, and , , and denote the line currents of the generator; furthermore, represents the equivalent resistance of the stator, and λ , λ , λ are the flux linkages of the stator. Assume that the flux harmonics of the rotor and stator are negligible. Consequently, the fluxes of the rotor and stator are sinusoidally distributed. Therefore, the flux linkage can be expressed as
Here, θ = ω and = ℜ ; θ is the rotor flux angle, ω is the rotor speed, is the equivalent number of turns in the stator winding, is the leakage inductance of the stator winding, ℜ is the equivalent reluctance of the stator, and λ is the equivalent flux linkage of the rotor relative to the stator. According to Equations (1)- (8), the phase voltage of the generator can be obtained as
where denotes the internal voltage of the generator and is proportional to ω . In other words,
The equation for the output power of the generator is
According to Equations (10) and (11), the output power equation can be rewritten as
This equation shows that the output power of the generator is proportional to the rotor speed and the peak value of the three-phase currents, implying that the output power of the generator can be controlled by varying the peak value of the currents. This principle was used in this study to implement a current controller for the three-phase, three-level rectifier. 
Three-Phase, Three-Level Rectifier
A schematic of the three-phase, three-level rectifier is shown in Figure 3 . It was constructed by adding six clamping diodes with the six power switches to the conventional bridge structure. These six switches can be appropriately controlled for obtaining three levels of the DC supply voltage across the DC-link capacitors [11] . In Figure 3 , the voltages of and are and , respectively. The three voltage levels of the three-phase, three-level rectifier defined by two mutually exclusive switching states-( , ) and ( , )-are listed in Table 1 , where x denotes a, b, or c. The sinusoidal PWM is used to generate gating signals for the power switches [12] . 
where = , , . The switching of the phase voltage can be expressed as
Because the three-phase voltages from the wind generator are balanced, the following expression holds:
where , , and are the phase voltages relative to the neutral point of the wind generator. In Figure 4 , currents and are given by
Furthermore, the current at point g is
where , , and are determined as
Here, = , , or and = 0, 1, or 2.
In Figure 4 , the differential equations of the voltages of the upper and lower capacitors are
and the voltage error between the upper and the lower capacitors is
where and are upper and lower DC-link capacitors, respectively. Equation (22) indicates that the voltage error of the upper and lower capacitors can be controlled by varying duty cycles of , and this principle was used in this study to implement a voltage controller for the three-phase, three-level rectifier [13] . To control the three-phase, three-level rectifier, a sinusoidal PWM technique involving two carrier waves was used [14] . Gating signals for the power transistors were generated by comparing the commanding signal magnitude of * with the magnitude of two inverse carrier waves having the same peak-to-peak amplitude, frequency, and phase, as shown in Figure 5 . The rectifier is illustrated by the following three modes of operation: . Finally, Figure 6 shows the gating signals for the three modes of operation, illustrating that the switching pattern of the three-phase, three-level rectifier is generated by the aforementioned three modes of operation. The switching loss can be reduced by reducing the switching frequency or by reducing the instantaneous current or voltage during the switching period. 
Neutral-Point-Clamped Controller
The three-phase, three-level rectifier is implemented using switch-mode devices, and three-phase voltages are obtained from the wind generator. The statuses of the upper and lower switches are mutually exclusive, and the DC-link voltage is not shorted in normal operation. Assume that the power transistors are ideal and that the currents , , and are continuous. When the load varies, the voltage of the upper capacitor is lower than that of the lower capacitor; in other words, the current passing through the upper capacitor is lower than that passing through the lower capacitor. Therefore, the command voltage for the DC-link can be regulated by varying the voltage error between the upper and the lower capacitors [14] . According to Equations (16) 
Three-Phase, Six-Leg Inverter
A schematic diagram of the three-phase, six-leg inverter with phase-r consideration is shown in Figure 8 . The inverter has the conventional single-phase, full-bridge structure. Assume that
where denotes , , , , , or . Therefore, the equivalent circuit of phase-r shown in Figure 9 can be obtained. A similar result can be obtained for phase-s and phase-t. The switching functions of the three-phase voltages , , and and the DC-link current can be written as
, and = − ; is the DC-link voltage. According to Equation (29), the DC-link current can be obtained as
Equations (26) (26)- (28) were used in this study to implement a three-phase, six-leg inverter. The inverter power circuit with appropriate control can provide three different voltage levels to the load. This is illustrated by the following four modes of operation: The voltage ratings of switches are identical and equal to . The antiparallel diodes across the switches enable continuous current to flow and thus facilitate maintaining a sinusoidal output current.
To control the three-phase inverter, a multicarrier disposition PWM technique is used. Gating signals for the power transistors are generated by comparing the commanding signal magnitudes of * and − * with a contiguous carrier wave. Figure 10 shows that there are four switching modes corresponding to the level of the commanding signal, as shown in Figure 10b -d. In the first mode of operation, the magnitude of the carrier wave is compared with the commanding signal magnitudes. If the commanding signal magnitude is lower than the carrier wave magnitude, the second mode of operation, in which the switching pattern produced by comparing the carrier wave magnitude with the commanding signal magnitude, is performed. Similarly, gating signals for the power transistors in the third and fourth modes of operation can be obtained by comparing the carrier wave magnitude with the magnitudes of * and − * , respectively. Figure 10d shows that the switching pattern of the threephase, six-leg inverter is generated by the aforementioned four modes of operation and that the average output voltage is sinusoidal. The switching loss of the inverter can be reduced by reducing the switching frequency or by reducing the instantaneous value of the current or voltage in the switching period. Conventional bipolar modulation results in high commutation losses because the four switches are modulated at a high frequency in all modulation cycles. However, in unipolar modulation, only and 0 are presented in the positive half-cycle. Therefore, unipolar modulation is more efficient for practical applications. 
Design of Voltage Regulator
The low-pass filter for the three-phase, six-leg inverter shown in Figure 1 was implemented using three inductors, capacitors, and transformers. The inductors and capacitors are connected in series and in parallel on the primary and the secondary sides of each transformer, respectively. Assume the turn ratios of the transformers to be 5. To simplify the analysis of the transformer, the equivalent copper, iron losses, leakage, and excitation inductors are neglected, as shown in Figure 11 . Therefore, the three-phase voltage and current equations can be written as For model analysis and controller design, the three-phase voltages, currents, and switching functions can be transformed to a q-d-0 rotating frame. This yields 
where θ is the transformation angle of the rotating frame and denotes voltages, currents, or switching functions. 
Experimental Results
To verify the performance of the proposed system, an experimental prototype of a 75 kW wind power system involving the PMSG was constructed using the following parameters: = 1.5 mH and = = 3760 μF
The machine and electric parameters of the PMSG are presented in the Appendix.
The effective operating speed of the PMSG is between 50 and 75 rpm. If the PMSG is operated above 75 rpm or below 50 rpm, the control system is shut down to avoid damaging the PMSG. Furthermore, the maximum loading capacity is determined by the rated power of the PMSG. The aforementioned DSP is used to implement the control schemes. The sampling period for feedback signals and program execution corresponds to a sampling frequency of 2.5 kHz. The power converter was constructed using an IGBT operating at 2.5 kHz. Figure 13 shows the measured generator output voltage , output current , DC-link voltage , and voltage error ∆ between the upper and lower capacitors of the proposed system; and are 20 Ω for a rotor speed of 70 rpm in standalone operation. At the output level of 72 kW, and remain in phase, whereas the total harmonic distortion (
) of the output current is 3.2%. Furthermore, the voltage error ∆ between the upper and lower capacitors is almost zero in the steady state. Figure 14 shows the transient response of the proposed system under unbalanced loads of 60 Ω and 30 Ω, respectively. Figure 14 shows that the voltage error ∆ between the upper and the lower capacitors is set to be almost zero through instantaneous power balance control. Figure 15 shows the output voltages , , and and the output currents , , and of the transformers in the proposed system for a rotor speed of 50-75 rpm with three-phase unbalanced resistive loads of 10 kW. The values of three-phase unbalanced resistive load are 8 Ω, 0 Ω and 0 Ω, respectively. The output voltages , , and are balanced and almost sinusoidal. This can be justified from Figure 15a , which shows the voltage harmonic distortions of , , and to be 4.11%, 4.08%, and 3.95%, respectively; these distortions satisfy IEEE Std. 519. The measured efficiency of the entire system reached 91% because the efficiencies of the three-phase, three-level rectifier and three-phase, six-leg inverter are 97% and 96%, respectively. The inherent system losses, such as element loss and stray loss, exist in practice. Finally, the voltage error between the upper and the lower capacitors is approximately zero, thereby validating the proposed control algorithm. 
Conclusions
A three-level power converter that can be connected to a wind generator is proposed. Regardless of the wind speed variation, the proposed system provides a constant power at the output and balanced voltages across the DC-link capacitors. It can function satisfactorily in standalone mode and supply power to three-phase, four-wire loads. In the proposed rectifier, three-leg switches are used to generate a DC output. Both inner-loop current switching control and outer-loop voltage control are achieved by decoupling the converter system along the q-axis and d-axis of a synchronous rotating frame. Furthermore, the neutral-point-clamped architecture is used to determine three-phase voltage commands; errors in the voltages across the upper and lower DC-link capacitors are detected for achieving instantaneous power balance control between the generator and the load. A novel three-phase, six-leg inverter is introduced with the main objective of supplying balanced voltages and performing step-down operation. Steady-state and average-value modeling of the inverter are presented. In addition, an inverter with an output transformer was designed and implemented to eliminate the harmonic components of the output voltage. A voltage feedback loop for the inverter was also designed and implemented to provide a sinusoidal output voltage and achieve high dynamic performance even when the rotor speed varies. The experimental results showed that the total harmonic distortion of the inverter was considerably reduced. To summarize, the proposed system offers the following advantages: low cost, low harmonic distortion, high reliability, and stable output voltages.
